(Received 6 October 2016; accepted 27 November 2016; published online 7 December 2016) Laser-induced phosphorescence has been used extensively to study spray dynamics. It is important to understand the influence of droplet evaporation in the interpretation of such measurements, as it increases luminescence quenching. By suspending a single evaporating n-heptane droplet in an acoustic levitator, the properties of lanthanide-complex europium-thenoyltrifluoroacetone-trioctylphosphine oxide (Eu-TTA-TOPO) phosphorescence are determined through high-speed imaging. A decrease was found in the measured phosphorescence decay coefficient (780 ! 200 ls) with decreasing droplet volumes (10 À9 ! 10 -11 m 3 ) corresponding to increasing concentrations (10 À4 ! 10 À2 M). This decrease continues up to the point of shell-formation at supersaturated concentrations. The diminished luminescence is shown not to be attributable to triplet-triplet annihilation, quenching between excited triplet-state molecules. Instead, the pure exponential decays found in the measurements show that a non-phosphorescent quencher, such as free TTA/TOPO, can be attributable to this decay. The concentration dependence of the phosphorescence lifetime can therefore be used as a diagnostic of evaporation in sprays. Published by AIP Publishing. Characterization of the high velocities and small scales of sprays in applications such as fuel spray combustion and spray drying benefits greatly from the use of the fast diagnostics enabled by high-power pulsed lasers, such as the laserinduced fluorescence (LIF) and laser-induced phosphorescence (LIP).
1,2 Both LIF and LIP are based on the absorption of laser energy by atoms and molecules and typically show a Stokes shift of the emission wavelength. LIP can be used for relatively long-lifetime (ms) applications, such as flow tracking. 3, 4 In particular, single-phase phosphorescent tracers (such as lanthanide-based organic complexes) can be used to exclusively visualize and track the liquid content in a spray. 5 The phosphorescent compounds can be characterized by their lifetime, and the concentration of excited molecules can at any time directly be related to the liquid content. However, in previous work it was found that the luminescence lifetime itself may become time-dependent, likely as a result of evaporation 6 (see Figure 1) . Especially when the timescale of the evaporation becomes similar to the timescale of the flow, the role of non-radiative decay processes (quenching) due to molecular interactions become essential for quantitative interpretations.
Transfer of energy to a different molecule, such as oxygen, is a common cause of quenching. Another likely quenching process is triplet-triplet annihilation, [7] [8] [9] where triplet or higher spin states of the phosphorescent molecule decay to a singlet state through spin catalysis. 10 These processes all depend on molecular concentrations, and their effects on decay rates and emission intensity may provide a quantitative diagnostic of evaporation. In the past, the effect of evaporation on droplet phosphorescence has been investigated using droplet streams. 11, 12 However, this severely limits the visualization time. The long time-scales involved in evaporation at low (293 K) temperatures require a suspension of a droplet in air, which can be achieved using acoustic levitation. 13 Omrane et al. 14 investigated the evaporation of suspended droplets, where the temperature sensitivity of EuLa 2 O 2 S phosphor was used to determine the droplet temperatures, a technique often used in phosphor thermometry. However, the influence of strong evaporation on the phosphorescence lifetime and emission intensity is still unknown. In this work, the phosphorescence of evaporating droplets is investigated by levitating the droplets in air through the use of an acoustic standing wave. In this non-reactive environment with good optical accessibility, the phosphorescence decay and its quenching mechanism are investigated as a function of the droplet volume/concentration. To investigate the evaporation with the interface chemistry similar to droplet-laden flows, the liquid needs to be completely surrounded by a gas. An acoustic levitator, based on the acoustic streaming effect, can be used to suspend a droplet in air. 15 By generating a standing ultrasound wave (see Figure 2) , the weight of a droplet in a nodal point is offset by the pressure FIG. 1. A luminescent spray, excited inside the nozzle. All liquid in this spray was excited at the same instant, and the decrease in radially integrated luminescence over distance is more than changes in morphology can account for Ref. 6 , and is likely due to evaporation. Published by AIP Publishing. 109, 234103-1 force exerted by the standing wave. The size of the droplet is therefore limited by its proportion to the ultrasound wavelength k s , with a maximum at approximately k s /2, while the lower limit ($150 lm diameter) is determined by the stability of the droplet. The levitator in Figure 2 consists of a 40 kHz Langevin ultrasound transducer (Steiner & Martins Inc.), with the frequency, a trade-off between the power and range of droplet sizes, powered by a Citronic PLX2000 amplifier (AVSL group, UK). The transducer creates a standing wave in combination with a shallow cone reflector with a center depth of 5 mm and a radius of 5 cm (i.e., a 2.9 angle), to increase the lateral positional stability of the droplet within the acoustic field (supplementary material).
The third harmonic of a pulsed Nd:YAG laser is formed into a wide sheet which envelops the suspended droplet. Upon insertion into the levitator, the droplets nominally contain a 10 À4 M concentration of europium-thenoyltrifluoroacetone-trioctylphosphine oxide (Eu-TTA-TOPO), in a heptane solution (99% Reagentplus, Sigma-Aldrich). The Eu-TTA-TOPO is a phosphorescent lanthanide supramolecule with a phosphorescence lifetime in the order of milliseconds at a dominant wavelength of k % 614 nm. It is one of the lanthanide complexes useful for flow tracking and evaporation investigations. 5, 6, 16, 17 The UV light induces phosphorescence, and the emitted light is measured with a Photron SA-X2 camera and Nikon AF micro 70-180 mm lens to obtain a framerate of 15 kHz and resolution of 14.7 lm/pixel, respectively (see Figure 3(a) ). The recordings start 5 ls after the excitation, to ensure that all fluorescence has died out. Figure 3(a) shows the droplet phosphorescence after excitation, exhibiting a small pattern caused by the focusing of the incident laser light by the droplet. 18 The phosphorescence measurements are repeated at a frequency of 1-2 Hz until the droplet disappears from the trap. The size of the droplet is determined through the Canny edge detection, which requires the droplet to be in focus. Therefore diffusebacklight illumination is used (see Figure 3(b) ) before the start of the phosphorescence measurement to monitor the position and focus the droplet, immediately after its insertion with a 32 gauge needle. Figure 4 shows that the rate of evaporation for the heptane droplets, both with and without added phosphorescent complex, follows the well-established 19 
mol the molecular weight of heptane, T ¼ 293 K the temperature, R the gas constant, q l the density of the evaporating fluid, t e the evaporation time, and DP the vapour pressure difference between the surface of the droplet and the surrounding air. Assuming DP is equal to the saturation vapour pressure of heptane, the theoretical evaporation rate is b th % 4 Â 10 À9 m 2 s
À1
, which does not significantly differ from the experimentally found value of b exp ¼ 3.9 Â 10 À9 m 2 s À1 for a pure heptane droplet. The small difference in evaporation rate when the phosphorescent compound is added, b exp,ph ¼ 3.5 Â 10 À9 m 2 s
, can be explained by the slowdown in evaporation caused by molecules accumulating at the interface, yet remaining porous enough to hardly affect the evaporation. 20 Next, we will discuss the time dependence and emission intensity of the phosphorescence. Figure 5 shows that at large droplet sizes, the total luminescence intensity I(0) decreases with the (projected) surface area R 2 , and for small droplets with R 3 . While the intensity decreases for large droplets with the laser-illuminated area, indicating that the excitation is not saturated, for small droplets (and thus large concentrations), the excitation efficiency decreases inversely proportional to the concentration. As the evaporation timescale t e [O(s)] is much longer than the phosphorescent lifetime [O(ms)], each measurement of the phosphorescence intensity over time I(t) is at a single value of the droplet radius. For each measurement, I(t) is fitted to single exponential decay (I ¼ I 0 Â e -t=s ) to determine the phosphorescence decay time s (see Figure 6 ).
We assume that the initial concentration is 10 À4 M, neglecting evaporation occurring between droplet insertion and the start of the measurement. The change in volume over time can then be rephrased as a change in concentration, as in Figure 7 . This shows that as the concentration increases, the phosphorescence lifetime diminishes. An increase in temperature due to the UV excitation is a possible explanation, but the low fluence of the excitation light, the temperature insensitivity of s around room temperature, and measurements with a thermal camera (Flir S40), exclude this possibility. A more likely candidate to explain the observed decrease is quenching by triplet-triplet annihilation, where interaction between triplet state molecules results in a radiationless decay to a singlet or ground state, 9 that is, Ã P 3 þ Ã P 3 ! Ã P 1 þ P and Ã P 3 þ Ã P 3 ! Ã P 3 þ P, with Ã P 3 the triplet excited state, Ã P 1 the singlet excited state, and P the singlet ground state of the phosphorescent tracer molecule. In the case of triplet-triplet annihilation, the concentration C of the excited triplet states Ã P 3 satisfies
with 1 2 k TT the rate constant of the annihilation process, with a 1/2 prefactor as a new triplet molecule is generated for each annihilation event. Assuming that the luminescence intensity is proportional to C, the solution of (1) leads to
with t e the timescale of the evaporation, t the timescale of the phosphorescence, and I(0) the luminescence intensity immediately after excitation. With decreasing droplet diameter d, Cðt e Þ $ d À3 increases and the decay of intensity should become increasingly non-exponential. The result of our experiment is a fan of decay curves for varying concentration Cðt e Þ ¼ C s ðd s =dðt e ÞÞ 3 , where C s is the stock concentration, d s the diameter of the initial droplet size before evaporation, and d(t e ) the droplet diameter at each lifetime measurement. If the decay of the phosphorescence lifetime would be due to triplet-triplet annihilation, two parameters, viz., k TT and s, should suffice to reproduce all curves. Our best fit in Figure  6 shows that this is not the case. This is corroborated by the observation that all decay curves are purely exponential. We hypothesize that the triplet molecules are quenched by a non-luminescing molecule that is used in the preparation of the phosphorescing complex, and which does not evaporate. Let us call Q the concentration of this agent where, analogous to C, Qðt e Þ ¼ Q s ðd s =dðt e ÞÞ 3 , with Q s the quencher concentration before evaporation. The exponential decay of the luminescence intensity then simply follows from
with 1/s eff ¼ 1/s 0 þ k Q Q, where s 0 is the decay coefficient at zero concentration of Q and k Q the rate constant of the triplet to singlet decay. In Figure 7 , we plot 1/s eff versus Q, assuming that Q s % 6 Â 10 À4 (approximately equal to the concentration of free TTA/TOPO compounds), and demonstrate that this relation holds very well until Q % 2 Â 10 À2 M. Thus we prove that the decay time is a precise probe of the concentration of the phosphorescent complex. Obviously, the numerical values of Q and k Q will vary with tracer concentration and composition. (The phosphorescent liquid is a mixture of various compounds, and we cannot tell which of the components, if any in particular, plays the role of Q.)
At approximately Q ¼ 2 Â 10 À2 M, the decay time no longer decreases with decreasing droplet size. The sudden kink in s eff (Q) corresponds to that of Figure 4 , where the decrease of R 2 (t e ) abruptly slows down, but is still approximately linear. We hypothesize that at this point solute molecules sit in a concentric shell bounded by the liquid-air interface, such that the thickness of the shell increases while evaporation continues, but the distance between molecules remains (nearly) constant. This is illustrated in Figure 8 , which shows an increased luminescence at the boundary of the droplet for increasing concentrations, also observed by Omrane et al. for non-soluble phosphor compounds.
14 Shell formation has similarly been found in evaporation of colloidal droplets. [20] [21] [22] When the evaporative flux of the solvent is stronger than the diffusion of particles or heavy molecules inside the fluid, a shell will form around the droplet. 21, 23 This is furthermore corroborated by the asymmetric intensity profile at very small droplet size, indicative of buckling/broken shell formations; an example shown in Figure 9 . In case of a porous shell, the droplet radius will still decrease as R 2 (t) ¼ R 2 (0) À bt, but now b is determined by the diffusion of the heptane solvent through the shell. From the change of slope in Figure 4 , we estimate that the associated diffusion coefficient is a factor of 10 smaller than that of diffusion through air. In this configuration, the distance between the molecules in the shell does not change, and the lifetime stabilizes. A similar kink is observed in the evaporation of pure heptane droplets. This occurs at the purity limit of the solvent, which occurs when 0.8% of the original volume remains (as shown in the insert of Figure 5 ), while the kink for the phosphorescent solution occurs at 1.9% of the remaining volume.
Non-uniform light emission by excited droplets has previously been found in fluorescence studies, 18, 24 where light refraction caused an increasing luminescence due to focusing of the laser, and Lambert-Beer absorption causes an increasing edge luminescence at the illuminated surface. However, both of these effects are only applicable in the direction of the incoming light, which does not explain the increased edge luminescence perpendicular to (and independent of) the incoming laser direction.
In summary, we find that the lifetime of a phosphorescent agent is a sensitive probe of its concentration in evaporating droplets. When the concentration is reached where shell formation occurs, the lifetime no longer decreases. The change of lifetime, luminosity, and the occurrence of shell formation determines the range of droplet sizes that can be tracked using phosphorescent flow diagnostics. With a known concentration dependence, the local decay rate of the phosphorescence can be used as a measure of evaporation.
